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1.0 INTRODUCTION

The present generation of high performance variable nozzle aircraft has resuilted in
the need to more accurately define the drag characteristics of the aircraft aft-fuselage and
nozzle regions. Typically, the afterbody region of aircraft models must be modified to
accommodate a sting for basic aerodynamic testing in the wind tunnel. Drag increments
from such altered aerodynamic models and throttle-dependent increments may be quite
significant in terms of the overall drag of the aircraft and are the two basic reasons for
conducting what are typically referred to as nozzle-afterbody tests.

One of the problems frequently encountered in the conduct of such tests is the
model support system interference. In the past, the most common practice has been to
support the aircraft model in the forward fuselage region by a strut and to use
compressed air for simulation of the engine exhaust plume. Interference effects from such
a support system can introduce significant errors in the measured values of the aircraft
afterbody drag, typically similar to the results shown in Refs. 1 and 2. These errors,
which vary with Mach number and configuration, could result in misleading conclusions
when aircraft afterbody drag is evaluated to determine optimum afterbody configurations.
The concept of supporting a model with a sting extending into the engine exhaust nozzle
and simulating the exhaust jet with an annular jet becomes particularly attractive for
minimizing support system interference. This is particularly truc if proper exhaust plume
simulation can be obtained. This general concept has been tried, and several reports are
available in the literature for both the solid plume simulators (e.g., Refs. 1, 3, and 4) and
the annular jet concept. The annular jet data (Refs. 5, 6, and 7) have, in general, been
limited in terms of geometric variables and to a certain extent in terms of test conditions
investigated.

The experimental results reported herein were obtained during a parametric study of
engine exhaust nozzle area ratio and sting-to-nozzle exit diameter ratio, geometric
parameters which are frequently encountered when the annular jet problem is considered.
The purpose of this investigation was to evaluate correlation parameters which could be
used to duplicate the afterbody pressure drag of a model having conventional axisymmetric
nozzle exhaust flow using a sting-supported model having annular nozzle exhaust flow.

2.0 APPARATUS
2.1 TEST FACILITY

The investigation was conducted in the 16-foot Transonic Wind Tunnel (16T) of the
Propulsion Wind Tunnel Facility (PWT) at the Arnold Engineering Development Center
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(AEDC). Tunnel 16T is a closed-circuit, continuous flow wind tunnel capable of being
operated at Mach numbers from 0.20 to 1.60 within a stagnation pressure range from
approximately 200 to 3,400 psfa, depending upon the Mach number. A more extensive
description of the tunnel and its operating characteristics is contained in Ref. 8.

2.2 MODEL AND SUPPORT SYSTEM

A sketch of the test installation is presented in Fig. 1. The model consisted of a
strut-supported cylindrical centerbody with a conical nose and a 15-deg boattailed
afterbody. The model had an overall length of approximately 147 in., a maximum
diameter of 9.86 in., and a 14-deg half-angle conical nose. The support strut was tapered
from the model to the floor with the thickness-to-chord ratio varying from 0.053 at the
model to 0.088 at the tunnel floor; the strut swept aft from the model at an average
angle of 35 deg. A photograph of the installation is shown in Fig. 2, and a sketch of the
afterbody contour with tabulated values for the external surface coordinates is presented -
in Fig. 3.

The general arrangement of the internal portion of the model with a dummy sting
installed is illustrated in Fig. 4. High pressure air was ducted through the strut into the
flow duct of the model. The dummy stings were threaded on the upstream end and
attached to the sting support bracket in the flow duct; additional support for each
dummy sting was provided by a slip fit through the center of the choke plate. For
obtaining conventional jet data the stings were removed, and a perforated filler plug was
installed in the choke plate.

Eleven nozzles (shown in Fig. 5) were used to obtain the various nozzle area ratios
with the different dummy stings. To facilitate nozzle changes, the model was designed for
changing nozzles through the flow duct exit without removing the afterbody and aft
portion of the flow duct. This required the use of segmented nozzle holders, as shown in
Fig. 5. Three sets of holders were built to accommodate the various sizes of nozzles
required. All nozzles had a divergence half angle of 5 deg, with the exception of the
nozzle used for area ratio 1.0 data, nozzle 12, which was designed for parallel flow at,
the exit. A photograph showing the six segments which comprise each nozzle holder and
the nozzles which were used with each holder is presented in Fig. 6. A dimensional
sketch of the dummy stings is shown in Fig. 7, and a photograph of the four stings is
shown in Fig. 8. A photograph of the aft portion of the model with a sting installed is
presented in Fig. 9.

The following matrix illustrates the combination of nominal nozzle area ratios,
sting-to-nozzle exit diameter ratios, and Mach numbers for which data were obtained.
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Ds/DN 0 0.543 0.707 0.866 0.95
'A/lA* Y. | 0.6{ 0.9} 1.2 0.6]0.9]1.2]0.6]0.9]1.2] 0.6 0.9/ 1.2]1 0.60.9}1.2

1.00 x x x x x

1.13 x x x x x x x X X X x x x x

1.22 x x x x X x

1.31 X X X x x X x x

1.49 x x x x x x x x x x x x x x x

This matrix permits evaluating the effects of stingto-nozzle exit diameter ratio at a
constant area ratio and determining the effects of nozzle area ratio at constant
sting-to-nozzle exit diameter ratio. J{'

2.3 INSTRUMENTATION

The afterbody section of the model was instrumented with 65 pressure orifices in
rows along the top, side, and lower surfaces of the model. Coordinates of each pressure
orifice are presented in Table 1. Model chamber pressure was determined from four static
pressure taps in the flow duct at MS 133.45. Mass flow rates of the air exhaust were
calculated from pressure and temperature measurements in a critical flow venturi
metering section located in the facility piping system. Two of the stings (A and C) were
instrumented with 24 pressure taps, as shown in Fig. 7. These were connected for
selected configurations with the pressure tubing extending from the end of the sting and
supported by a 1/4-in. cable which spanned the tunnel vertically as shown in the
photograph in Fig. 10. Model angle of attack was determined from a strain-gage angular
position indicator.

3.0 PROCEDURE
3.1 TEST CONDITIONS

Data were obtained at free-stream Mach numbers of 0.6, 0.9, and 1.2. The nominal
free-stream Reynolds number was 2.0 x 106 per foot. Angle of attack was varied from
-2.0 to 6.0 deg for selected configurations with nozzle flow at design pressure ratio. The
nozzle pressure ratio was varied for all configurations at zero angle of attack.

3.2 TEST TECHNIQUE

The primary testing technique for a given geometric configuration consisted of
obtaining data as a function of nozzle exit static-to-tunnel free-stream static pressure ratio
(NSPR). The parameter NSPR was displayed in real time to ensure recording data at the
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desired nozzle pressure ratios. In general, data were recorded for the pressure ratio range
from jet-off to a value in excess of twice the nozzle design pressure ratio. When time
permitted, data were recorded at several nozzle pressure ratios in the region between jet-off
and design pressure ratio, where afterbody drag changes are generally large. For selected
configurations, data were recorded in 2-deg increments over the angle-of-attack range, -2 to
6 deg, with the nozzle operating at design pressure ratio. Schlieren photographs were taken
at five points spanning the NSPR range for each configuration.

3.3 DATA REDUCTION

Pressure coefficients were calculated from the static pressure measured at each
orifice on the afterbody in addition to those on the sting. The pressure distributions for
each of the three rows (see Table 1) on the boattail were integrated, on the assumption
that the pressure along each row was imposed over the entire boattail projected area,
independent of the remaining two rows. Therefore, a pressure drag coefficient was
calculated based on the measurements on each of the top, side and bottom rows. The

reference area for the drag coefficients was the model maximum cross-sectional area
(76.062 in.2). Drag coethicients from the top row ot pressures, CDPT, are used exclusively

in this report. The top row of orifices was selected because it is considered to be the least
affected by the strut at subsonic Mach numbers. Also, it was shown in Ref. 9 that data along
the top and bottom rows of a configuration similar to the present one were correlated
equally well. The nozzle total pressure was calculated from one-dimensional, isentropic
relationships using flow duct static pressure and the area ratio between the flow duct and
the nozzle throat.

3.4 UNCERTAINTY OF MEASUREMENTS

The uncertainty of the major test parameters is tabulated below. The uncertainty in
these parameters includes the uncertainties in the individual pressure transducers and in
the tunnel reference systems. Uncertainty is defined as

U= £(B + tg 95 S)
where B is the bias and S is the precision, and tg g5 is a function of the number of samples
utilized in the calibration of a given instrument. For these results a value of 2 was used for

to.o5. For each test parameter, values of bias and precision were determined from
propagating errors from each source by the Taylor series method.

10
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Mach Number
Parameter 0.6 0.9 1.2
/' CDPT *0.0014 +0.0007 +0.0049
/pr (Boattail) £0.018 0,013 0. 009
/ Cp (Sting) *0.076 +0, 021 +0, 009
, NPR +0, 021 *0,032 *0,047
/NSPR +0.006 +0.008 *0.013

It is evident from the preceding tabulation that there is considerable variation in the
calculated uncertainty of CDPT with Mach number, using the propagation of error
techniques. The uncertainty for Mach number 1.2 is significantly higher than the
uncertainties for the subsonic Mach numbers and is larger than would be expected from the
trends in the data. A comparison of repeat points revealed that data repeatability was similar
at each Mach number, with an average spread of 0.0012 in CDPT between two data points at
the same condition. The maximum spread in drag coefficient of any one repeated condition
was 0.0034. In a comparison of data from various configurations for a given test installation
using the same instrumentation, data repeatability is believed to be of more practical
interest. Therefore, the repeatability given here for CDPT is believed to represent a more
realistic uncertainty than do those numbers calculated from conventional propagation of
error techniques. -

4.0 EXPERIMENTAL RESULTS

In general, the text of this report contains only the afterbody drag coefficients
obtained from integrating the measured pressures on the top row of orifices. Presentation
of the pressure distributions from each data point included would be too bulky to
include in the report; however, selected pressure distributions illustrating the various
effects discussed in the report are presented in Appendix A. As stated previously, the
afterbody pressure drag coefficients were nondimensionalized by model maximum
cross-sectional area. Since aircraft drag data are usually nondimensionalized by wing area,
which is generally - approximately fifteen times fuselage cross-sectional area for
fighter-type aircraft, it requires approximately 15 of these "body" drag counts (0.0015 in
CDPT) to equal a typical aircraft drag count (0.0001). Except where specifically noted
on the figures, all the results presented were obtained at zero angle of attack.

For each configuration and Mach number investigated, data were obtained over the
NPR range from jet-off to over twice the design pressure ratio (NSPR > 2.0). The
maximum NSPR obtained depended somewhat upon configuration and Mach number. A

11
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typical variation of afterbody pressure drag with nozzle pressure ratio (NPR) for a
conventional jet configuration is presented in Fig. 11. Although the shape of the curve
may vary with configuration and Mach number, this figure is presented to illustrate the
different regions of the curve since reference will be made to them in the subsequent
sections of this report. The jet-off point is typically followed by a significant decrease in
drag to what is termed here the low pressure ratio drag "bucket.” This decrease in drag is
attributed to a reduction of the flow expansion over the boattail as the low pressure
model base region is eliminated by the small nozzle flows. This drag "bucket" region is
followed by a region dominated by entrainment of the flow over the afterbody by the jet
and is characterized by an increase in drag with NPR. Acceleration of the entrained
afterbody flow results in lower afterbody pressure and hence higher drag. A peak jet-on
drag point typically is reached at or before design pressure ratio is reached (for
afterbodies without separated flow) and is followed by a decrease in drag with increasing
pressure ratio. This latter region is dominated by plume shape effects. As the plume
becomes larger with inc_:reasing NPR, interference extends forward, increasing the
pressure on the afterbody and thus decreasing drag. Additional discussions of the general
nature of the afterbody drag curve may be found in Refs. 4 and 9.

In general, afterbody jet effects data available in the literature have rather sparse
documentation of the drag curve in the overexpanded jet region. During this
investigation, data were recorded at small NPR intervals in this region in an attempt to
obtain complete documentation and a better understanding of the effects of stings on the
afterbody drag. In obtaining experimental data for such a curve, one must exercise special

care if reliable jet-off and low pressure drag bucket data are to be obtained. . For example,
experience has shown that high pressure air control valves of the size required to control the

maximum air weight flow are inadequate as shutoff valves for obtaining jet-off data. Very
small amounts of leakage will invalidate the jet-off points; therefore, two valves in series,
with a vent between them, were utilized to obtain the jet-off points for this investigation. A
further problem is that the small weight flows required to define the drag bucket are
difficult to control with the large control valves. A smaller auxiliary bypass system was
utilized during this test to obtain these points.

4.1 EFFECTS OF D,/Dy

Experimental data are presented in Figs. 12 through 16 for the integrated afterbody
pressure drag to illustrate the effect of Dg/Dy on the afterbody drag for each nozzle area
ratio. Data are presented for the model at zero angle of attack and, in general, for each
of the Mach numbers 0.6, 0.9, and 1.2. For each configuration the drag coefficients are
plotted as a function of jet total to free-stream static pressure ratio (NPR). It may be
observed from these figures that increasing sting diameter has large effects on drag in
certain regions of drag-versus-NPR curves.

12
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First of all it should be noted that drag coefficients for jet-off points decrease with
increasing sting diameter. This trend has previously been documented experimentally
(e.g., Ref. 3) and is as expected since, as the sting fills the base area, the flow expansion
on the boattail is decreased. For these data, as Dy/Dy approaches 1.0 the jet-off drag
level falls near the same level as the low pressure drag bucket. These trends indicate that
for this configuration use of a cylindrical plume simulator equal to the nozzle exit
diameter (Ds/Dy = 1.0) to represent the shape of the exhaust plume at design pressure
ratio would result in considerable error in the prediction of afterbody drag. The effect of
dummy sting diameter on jet-off drag is summarized in Fig. 17 for each of the Mach
numbers. Symbols on this figure represent the average of all jet-off points obtained at a
given Mach number and sting diameter during this investigation. The brackets on each
symbol indicate the total variation in the measured drag coefficients at a particular
condition.

A second point to be observed in the data is that the minimum drag coefficient in
the "drag bucket" approaches a near-constant value regardless of sting size or area ratio.
Conditions where the curve fairing does not go through this minimum drag point are
generally felt to be conditions where sufficient data were not taken to accurately define
this region.

The effect of sting diameter on the remainder of the overexpanded jet region does
not follow consistent trends for all area ratios and Mach numbers. For several
combinations of Mach number and area ratio (e.g., Figs. 13a, 13¢, 14a, 14¢, 16a, and
16¢) the trend is for drag to increase in this region as sting diameter is increased. This is
a trend which seems most feasible in a region dominated by jet entrainment. However,
since there are other data at different Mach numbers and area ratios which exhibit the
opposite trend (e.g., Figs. 19b, 21b, and 22b) it must be concluded that the explanation
of sting size effects in this region are complex and are related not only to the
entrainment and plume size but also to Mach number and nozzle area ratio.

In the underexpanded jet region the basic data trends with sting diameter were
consistent for all conditions investigated. For the range of variables investigated,
increasing sting diameter generally has the effect of reducing the sensitivity of the
afterbody drag to NPR. Therefore, as NPR is increased, the disagreement in drag between
a configuration of any given sting diameter and the conventional jet becomes larger. This
region of the drag curve for conventional exhaust plumes is typically dominated by
plume shape effects, because as plume size increases with NPR the afterbody experiences
an increase in pressure from plume blockage, thus decreasing drag. This typical trend was
observed for the present data except for the largest sting (D,/Dy = 0.95) at all Mach
numbers and for the second largest sting (Ds/Dy = 0.866) at M_ = 1.2. Drag data at these
conditions tend to be relatively insensitive to NPR at the larger values but generally exhibit
a slight increase with NPR. This indicates that entrainment, not plume shape, is the
dominant influence on afterbody drag.

13



AEDC-TR-77-104

42 EFFECTS OF A/A*

The data presented in the previous section constitute a complete set of the basic
drag results from this investigation. These results are presented again, however, in Flgs 18
through 22 to more clearly illustrate the effects of A/A* on afterbody drag by also
presenting data from various values of A/A* at constant values of Dy/Dy. The data from
the conventional jet configuration (Fig. 18) are seen generally to increase with increasing
A/A* at a given value of NPR. The exception to this trend is some crossover in the
overexpanded jet region, particularly at M_ = 1.2. For results at pressure ratios beyond
the maximum drag point, the data curves tend to diverge. The difference between the
slopes of the curves indicates that as A/A* is increased the sensitivity of afterbody drag
to NPR decreases.

The trends in the annular jet drag data (Figs. 19 through 22) with A/A* are similar
to those of the conventional jet when D/Dy < 0.707. For example, the maximum jet-on
drag at Mach numbers 0.6 and 0.9 increases with increasing A/A*. At D/Dx = 0.866 the
data for subsonic Mach numbers generally have higher drag at the larger values of AJA*,
and in general the drag curves become relatively flat. At M_ = 1.2 for D;/Dy = 0.866 and
at all Mach numbers for Dy/Dy = 0.95 the effects of A/A* were very small. In general,
after the low pressure minimum drag point, the drag coefficients continue to increase
slightly with NPR over the complete NPR range of this investigation. This indicates that
entrainment is the dominant influence on afterbody drag for these configurations.

4.3 EFFECTS OF ANGLE OF ATTACK

A potential problem area in utilizing the sting-supported annular jet concept is the
effect the stings might have on the afterbody drag with the model at angle of attack. To
investigate this effect, selected configurations were tested at the design pressure ratio of
the nozzle over the angle-of-attack range from -2 to 6 deg. The results of this study are
presented in Figs. 23 and 24 for the nominal area ratio nozzles of 1.13 and 1.49,
respectively. Data are presented for each Mach number of this investigation. It should be
noted that positive a is nose down; therefore, the pressure orifices utilized for drag
integration are on the windward side of the model at positive angles of attack. Adverse
angle-of-attack effects from the sting must be deduced from differences in slope of the
CDPT versus a curves for the different sting diameters. Constant differences in drag
coefficient between conventional and annular jet configurations indicate the basic sting
effect and not adverse effects of angle of attack. The data obtained on these
configurations generally resulted in parallel curves for the conventional and annular jet
configurations. Changes in slope that were obtained do not follow consistent trends and
are within the repeatability of the data. It may be concluded, therefore, from these data
that there were no significant adverse angle-of-attack effects caused by the annular jet
configurations at angles of attack up to 6 deg.
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4.4 PLUME CHARACTERISTICS

As was mentioned previously, the stings representing values of Dg/Dy = 0.543 and
0.866 were instrumented with static pressure taps for obtaining plume diagnostic pressuré
data. Representative data from these sting pressures, along with schlieren photographs, are
presented in Figs. 25 through 28 to illustrate various effects on the plume characteristics.
The effects of pressure ratio are presented in Fig. 25a (pressure coefficient results) and
Fig. 25b (schlieren photographs) for Ds/Dy = 0.543 and A/A* = 1.134 at M_ = 0.9. The
classical periodic nature of the plumes is evident in the sting pressure distributions, where
the expansions and compressions of the plume flow were measured, as well as in the
schlieren photographs. As NPR is increased, the increase in plume diameter is evident
from the schlieren photos. Also, the length of the periodic segments or wavelength of the
plume increases with increasing NPR, as is evident from both the pressure data and
schlieren photographs.

The lengths of the plume segments at NSPR = 2 are approximately twice those at
NSPR = 1. This follows closely the trend in the variation of plume segment length with
NSPR predicted by the empirical relation of Eq. (1) in Ref. 10 for conventional full
plumes. The increase in strength of the expansion and compression regions of the plumes
with increasing NSPR is not as evident in the schlieren photographs, but may be seen in the
pressure data. The strength of these regions is seen to diminish as one moves down the sting.
Since the plume definition is clearer at higher pressure ratios, the remaining effects will be
presented primarily for NSPR = 2.0.

The effects of sting diameter on the plume characteristics are presented in Fig. 26
for NSPR =~ 2.0. Pressure data are presented for the two instrumented stings, and
schlieren photographs are presented for each sting diameter as well as for the
conventional jet. Increasing the sting size resulted in shorter length plume segments and
large reductions in the magnitude of the peak pressures in the expansion and compression
regions. The pressure variations with the large sting configuration become essentially
damped out after three periodic scgments of the plume. The smaller size and strength of
these plume segments are apparently overcome by the mixing of the free-stream flow and
viscous effects from the flow along the sting. The effect of nozzle area ratio at NSPR =
2.0 on the plume characteristics for Dy/Dy = 0.543 is presented in Fig. 27. These results
indicate an increase in plume wavelength with increasing A/A* (or nozzle exit Mach
number). A similar trend in wavelength for conventional jets was reported in Ref. 10.

All of the plume characteristics thus far presented have been for a tree-stream Mach
number of 0.9. A comparison of plume characteristics from each Mach number of this
investigation is presented in Fig. 28. In this figure, pressure data are presented at NSPR =~
both 1.0 and 2.0; however, schliecren photographs are presented only for the higher
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pressure ratio. In terms of pressure coefficient, these results indicate a decrease in the
strength of the expansion and compression peaks with increasing Mach number, as well as
by more rapid damping of the plume waves. The photographic results support the
conclusions drawn from the pressure data in that the plume appears to diffuse into the
free-stream flow more rapidly as Mach number increases. It is concluded from these
results that, where comparisons can be made, the annular plume characteristics vary in a
fashion similar to conventional plumes. This was noted particularly in regard to the
variation of plume primary wavelength with NPR and with A/A* (nozzle exit Mach
number).

5.0 CORRELATION OF RESULTS

In many instances the attempts to correlate afterbody drag results have been
prompted by the desire to match results from hot and cold jet plume data. These efforts
have frequently involved such parameters as specific heat ratio, gas constant, temperature,
and related parameters. Since these parameters were fixed for the present test and since

. the effects of Dg/Dy may be evaluated at constant values of A/A*, the conventional type

correlation parameters (incremental change in Prandt! Meyer angle, NSPR * A/A*, etc.),
which are functions of these parameters, would provide no better correlation of the
effects of sting diameter than does NPR. Plume maximum diameter does, however, vary
with sting size, and following the suggestion of Ref. 5 the use of this parameter for
correlation purposes was evaluated.

5.1 CORRELATION OF D,/Dy EFFECTS

An illustration of how the plume shape varies with sting size from an
underexpanded jet is shown in Fig. 29. These plume shapes were calculated by the
method of characteristics (MOC) (Ref. 11) for a jet issuing into quiescent air. The results
shown are for a constant NSPR of 2 and for a nominal nozzle area ratio of 1.13. Results of
these calculations indicate that for underexpanded jets at the same nozzle area ratio and
pressure rafio, annular nozzles produce plumes of smaller maximum diameter and shorter
longitudinal period than do conventional nozzles. These changes vary uniformly with
increasing sting size. Physically, this may be visualized by considering the expansion and
compression waves associated with the jet plumes. Since these waves propagate along
characteristics, the interaction of the waves with the free stream, which determines the
shape of the plume boundary, is a function of the distance the interior surface reflecting the
waves toward the plume boundary is located from the longitudinal axis of the nozzle.
Compression waves tend to reduce the plume diameter by turning the flow toward the
longitudinal axis of the nozzle, whereas expansion waves tend to increase the diameter by
turning the flow away. In the case of the annular nozzle, the interior surface (i.e., the sting),
reflecting the waves toward the plume boundary, is displaced from the nozzle longitudinal
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axis, causing the wave-plume boundary interactions to occur over shorter axial distances.
Thus both the plume diameter and period are reduced.

Schlieren photographs obtained at M_ = 0.9 were presented in Fig. 26b for the same
area ratio and sting diameters used for the theoretical plume shapes shown in Fig. 29.
Measurements of plume diameter from these schlieren photographs are compared with
those from the MOC calculations in Fig. 30. The agreement is surprisingly good
considering that the MOC calculations are for quiescent ambient conditions. The
disagreement at the maximum sting size is in a region where measurements were difficult
to make from the schlieren photographs. It should be remembered that the variation in
plume diameter with Dy/Dy shown in these figures will vary with NSPR, with annular
and conventional nozzle plumes both becoming cylindrical and equivalent to the
nozzle exit diameter at design pressure ratio. Therefore, the extent to which plume shape
affects the data would be expected to increase as pressure ratio increases above the
design value. This was, of course, the trend with sting diameter which the data exhibited
in Figs. 12 through 16. These results are presented again in Figs. 31 through 35 for
comparison with drag coefficient as a function of a correlation pressure ratio (NPR1).
For selected configurations data are also presented as a function of another correlation
pressure ratio (NPR3). Each of these correlation pressure ratios follows the methodology

of comparing annular jet data with conventional jet data at the same maximum plume
diameter. In these figures the annular jet drag coefficient data for nozzle pressure ratios
greater than design have been plotted at the pressure ratio of a conventional jet which would
be required to produce the same maximum plume diameter. Data at pressure ratios less than
design have been plotted at the actual pressure ratios. The difference in NPR1 and NPR3
results from the different methods used for calculating maximum plume diameter. NPR1 is
the conventional jet pressure ratio obtained from one-dimensional stream tube area
relationships, which corresponds to a plume diameter, Dy, 2 x, determined from the actual
annular jet pressure ratio, NPR. The method of characteristics, rather than one-dimensional
flow equations, was used to determine NPR3. .

An illustration of the procedure for determining each of the correlation pressure ratios
for a given annular jet data point is presented in Fig. 36. In this example, it is assumed that a
configuration having A/A* = 1.133 and D,/Dy = 0.707 was tested at a measured annular jet
pressure ratio of 9.5. As is demonstrated by following the arrows on each figure, this
pressure ratio and configuration result in the same plume maximum diameter as a
conventional nozzle at a pressure ratio of 6.3 using NPR1 (Fig. 36a) or 6.85 using NPR3
(Fig. 36b). Therefore, a data point obtained at NPR = 9.5 would, for this correlation, be
plotted at NPR1 = 6.3 or NPR3 = 6.85, depending on which method was chosen for the
correlation.
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It should be pointed out that to utilize the method just described for an actual
sting-supported annular jet, the opposite procedure would be followed. That is, with a
given conventional jet NPR an annular jet NPR would be determined which would
produce the same maximum plume diameter. Curves similar to those in Fig. 36b were
constructed by the method of characteristics and used for each case where NPR3
correlations are shown. The values of NPR1 were computed for each data value. As sting
size is increased, the reduced sensitivity of plume size to NPR, which may be seen in Fig.
36, coincides with the reduced sensitivity of afterbody drag to NPR, which was discussed
earlier (Section 4.1). These trends in afterbody drag and plume size with NPR are the
basic reasons for attempting the correlations (NPR1 and NPR3) shown in Figs. 31
through 35. As may be seen in these figures, both of these pressure ratios do reasonably
well in correlating the data in the underexpanded jet region.

The MOC solution (NPR3) is no doubt a preferred method for predicting actual
plume diameter; however, there appears to be no advantage in utilizing it over the
one-dimensional solution (NPR1) for purposes of correlating the drag results. This is
attributed to the fact that what is in effect used from these plots (Fig. 36) is an
increment in NPR required to adjust the annular data to conventional data (or vice
versa). This increment appears to be reasonably consistent between the two methods,
alfhough the actual plume diameters that the two methods predict are considerably
different. as may be seen in the example shown in Fig. 36.

Since the one-dimensional flow solution lends itself more readily to a quick
analytical solution than does the MOC technique. it was utilized for each underexpanded
jet pressure rtatio in this investigation. As may be seen in Figs. 31 through 35, the
maximum pressure ratios obtained during this test were not large enough to correlate
data from the two large sting configurations over a significant range of underexpanded
pressure ratios. The general trends in drag with NPR for these large sting configurations
tend to be relatively flat or slightly increasing in the underexpanded jet region for the
range of pressure ratios considered. Additional testing would be required on these larger
stings at higher underexpanded pressure ratios to properly evaluate this correlation
technique. The pressure ratio range of this test was sufficient, however, to document the
jet-on drag peak and subsequent drag decrease for the smaller stings (D,/Dy = 0.707 and
0.543), and the correlation appears to be adequate for the underexpanded pressure ratios
at all Mach numbers.

In addition to the comparison of the two methods which may be made using the
data in Figs. 31 through 35, plots are presented in Fig. 37 which illustrate the degree to
which each of the correlation methods was successful in correlating the annular jet data
to the conventional jet results at 1.5 times the design pressure ratio. These correlations
indicate reasonable results at all Mach numbers. The NPR1 correlation is within 35 body
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drag counts for all conditions. There are no apparent trends with A/A*, and no advantage
is seen for using NPR3 (MOC technique) correlation over the simpler NPR1 technique. It
should be noted that the conclusions drawn here for the correlation parameters are based
primarily upon data from sting sizes of D;/Dy = 0.543 and 0.707, with limited points at
small area ratios for Dg/Dy = 0.866.

At design pressure ratio these techniques do not provide any correlation for the data
since the plume is theoretically cylindrical and equal to the nozzle exit area for both
annular and conventional jets. Since this is generally the most important point for
evaluation of afterbody jet effects, a comparison is presented in Fig. 38 of the increments
in drag coefficient at NSPR = 1.0 between the conventional and annular jet
configurations. At subsonic Mach numbers the largest difference was approximately 55
body drag counts, which would typically represent about 3 aircraft drag counts. At Mach
number 1.2, however, the difference was significantly larger, having a maximum of
approximately 140 body drag counts difference for the largest sting.

5.2 CORRELATION OF A/A* EFFECTS

Data are presented in Figs. 39 through 43 to show the correlation of the drag results
from configurations of different area ratios. The basic data, plotted as a function of NPR,
are presented in the top plot in each figure for reference purposes. The second plot in
each figure is a correlation of data at underexpanded jet pressure ratios based upon
plume maximum diameter as determined by one-dimensional flow relationships as
discussed in the preceding section. A third plot is included for the conventional jet results
(Fig. 39) which is a similar attempt at correlation using the method of characteristics to
predict the maximum plume diameter. In each of the two methods the data have been-
correlated to the curve obtained for the maximum area ratio configuration. Therefore, an
experimental point obtained on a configuration which has an area ratio less than
maximum (A/A* = 1.49) would be shifted to the right on the plot to the NPR for the
maximum A/A* which would give the same maximum plume diameter.

An example of the procedure for determining the correlation pressure ratio NPR2
for a data point on a conventional jet configuration having an area ratio of 1.134 is
presented in Fig. 44. In this example it is assumed that a data point was obtained at NPR
= 5.5. As may be seen by following the arrows in the figure, this results in the same
plume maximum diameter as the A/A* = 1.490 configuration has at NPR = 9.2. Thus, an
experimental point obtained at NPR = 5.5 would for the correlation be plotted at NPR2
= 9.2, The decision to correlate the data to the maximum value of A/A™ was somewhat
arbitrary. The same methodology could be used to correlate the data to any of the other
area ratios.
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Each of the correlation pressure ratios is seen to collapse the conventional jet data (Fig.
39) in the underexpanded jet region quite well. This region is collapsed to a total drag
coefficient band width of approximately 40 body drag counts at each of the Mach numbers
from an uncorrelated maximum span of 320 drag counts. The degree of correlation achieved
by this method indicates that plume diameter is the dominant influence on the afterbody
drag in this region.

The relationship of drag to the conventional plume maximum diameter is illustrated
in a different form in Fig. 45. In this figure, crossplots of the drag from the different
area ratio nozzles (Fig. 39) at constant values of NPR are presented as a function of
plume maximum diameter ratioed to nozzle exit diameter (Dm ax/Dn). These values of
Dinax/DN were determined from one-dimensional flow area rationships. Nozzle pressure
ratios of 3, 4, and 6 are shown here to illustrate the influence of plume diameter on a
region of the drag curve which overlaps both overexpanded and underexpanded jet
pressure ratios. The dashed line is a least squares straight line fit of these data. Maximum
jet-on drag occurred near NPR = 3 for all area ratios, and thus represented the
approximate dividing point between the portion of the drag curve dominated by
entrainment effects (NPR < 3) and that portion dominated by plume shape effects (NPR
> 3). For these pressure ratios the data generally demonstrate a consistent trend of
decreasing afterbody drag with increasing maximum plume diameter in both the
underexpanded and overexpanded jet regions. These data fall within an overall band of
approximately 50 body drag counts. The extent to which the data do not correlate may,
in addition to data uncertainty, be attributed to entrainment effects. For example,
at M_ = 0.9 there is a consistent trend of increasing drag with increasing NPR at constant
values of Dp,x/Dn. This is a trend that would be expected from entrainment of the
flow over the afterbody because of the increased velocity and density of the exhaust
plume as pressure ratio is increased. Extension of this type correlation to pressure ratios
below the peak drag point (NPR = 3.0 for this case) is not deemed practical since this is
the region where entrainment effects (i.e., increasing drag with increasing NPR) are
predominant. It may be concluded from this figure that the increase in maximum jet-on
drag with increasing A/A* for the conventional jet results may be correlated by
maximum plume diameter. A comparison of additional conventional-type correlation
parameters for these data is presented in Appendix B.

Correlation of nozzle area ratio effects for the annular jet configurations (Figs. 40
through 43) are presented only from the one-dimensional flow solution since no
advantage has been shown in using the MOC solution. For values of D,/Dn < 0.707
(Figs. 40 and 41) the data at all Mach numbers are correlated reasonably well by NPR2.
At D/Dy = 0.866 the drag coefficient remains essentially constant after the peak jet-on
drag is reached; therefore, the correlation procedure does very little to bring the data
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together. For the largest sting size (Dg/Dx = 0.95, Fig. 43) there was very little effect of
A/A¥* on the basic data, and the drag results generally continued to increase with NPR.
This trend indicates that entrainment has the dominant influence on afterbody drag for
these conditions and, therefore, that use of the plume shape parameter NPR2 tends to
force the results apart at all Mach numbers.

Plots of drag versus D, ,x/Dy are presented in Figs. 46 through 49 for each value
of Dy/Dy tested during this investigation. These plots were generated by cross-plotting
the data for the different area ratio nozzles at constant values of NPR. As was done for
the conventional nozzle data (Fig. 45), a least squares straight line fit through these data
is represented by the dashed line. In each case values of NPR were chosen which would
show data for both underexpanded and overexpanded plume shapes. These plots indicate
a trend similar to the conventional jet data (decreasing drag coefficient with increasing
plume diameter) for the majority of test conditions. The exceptions are for data obtained
at M_ = 1.2 for Dy/Dy = 0.866 and at all Mach numbers for Dg/Dy = 0.95 where, as
discussed previously (Figs. 42 and 43), the data are dominated by entrainment of the
afterbody flow rather than by plume shape effects. The least squares fits of the data
from each of the stings are compared with the conventional jet results in Fig. 50. With
the exception of the results dominated by entrainment, the agreement of the annular jet
results with the conventional jet results is excellent, considering the fact that this figure
includes results from various pressure ratios, area ratios, and sting diameters. The
maximum difference in the least squares curve fits between the conventional jet results
and the correlatable annular jet results at D ,x/Dy = 1.0 is approximately 35 body drag
counts. Figure 50 also serves to illustrate that there are limits which vary with Mach
number and sting size above which plume diameter does not correlate the data near
design pressure ratio. For this afterbody configuration, it may be concluded that the
Dg/Dny = 0.95 configuration is too large for proper correlation at all Mach numbers of
this investigation and the D¢/Dy = 0.866 configuration is too large at M_=1.2.

The plots presented in Figs. 45 through 49 may also be used to deduce some facts
regarding the future utilization of the annular jet concept in wind tunnel tests. As the
results presented thus far have indicated, simulation of a given conventional jet drag level
may be achieved within certain limits by duplicating the plume maximum diameter. It is
evident from these plots that plume diameter may be changed either by changing NPR
for a given area ratio or by changing area ratio at a given NPR. Area ratio itself then
need not be matched, as long as the combination of area ratio and NPR is such that the
maximum plume diameter is matched. In a test program designed for obtaining data on a

given configuration using both the conventional and annular jet techniques a saving on’

hardware cost could be achieved by using the same nozzles for both techniques.
Introducing a sting into the conventional nozzles would increase the area ratio of the
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nozzle, and (as may be seen from these plots to simulate a given plume diameter with a
higher area ratio nozzle) a corresponding higher NPR would be required. This would be
possible, of course, only if the model had adequate pressure capability. The same
principle may be applied when a model must be used with limited pressure capability.
For this case, although different nozzles would be required, use of an annular nozzle with
a lower area ratio than the conventional nozzle would permit simulation of the plume
diameter with a lower NPR than if area ratio were matched.

6.0 CONCLUDING REMARKS

A parametric experimental program was conducted to evaluate the effectiveness of
annular jets in simulating full plume interference effects on afterbody pressure drag.
Results were obtained at Mach numbers 0.6, 0.9, and 1.2 at a free-stream Reynolds
number of 2.0 x 106 per foot. A single afterbody model (15-deg boattail) was utilized to
evaluate the effects of changes in sting-to-nozzle exit diameter ratio from 0 to 0.95 and
nozzle area ratio from 1.0 to 1.5. High pressure air at ambient temperature was used to
simulate the nozzle exhaust.

The significant results and conclusions may be summarized as follows:

1. Matching of the exhaust plume maximum diameter was found to provide a
reasonable afterbody drag correlation, accounting for effects of annular
jet, nozzle exit-to-throat area ratio, and nozzle pressure ratio for
conditions where drag follows the classical trend indicative of a plume
shape dependence (i.e., decreasing drag with increasing pressure ratio).

2. For the conditions of this investigation, data from configurations having
dummy sting-to-nozzle exit diameter ratios equal to 0.95 at all Mach
numbers and equal to 0.866 at Mach number 1.2 followed a trend with
nozzle pressure ratio indicative primarily of entrainment effects. Therefore,
a plume diameter correlation was not successful for the pressure ratios of
this investigation.

3. Data were correlated using both the method of characteristics and
one-dimensional flow area relationships to calculate plume diameter. There
were no advantages found in utilizing the method of characteristics over
the simpler one-dimensional solution.

4, There were no adverse effects of angle of attack on the annular jet
configurations over the angle range from -2 to 6 deg.
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5. At Mach number 0.9 for a nozzle static pressure ratio of 2.0 the
significant decrease in exhaust plume diameter with increasing dummy
sting diameter as measured from schlieren photographs agreed closely with
predictions made by the method of characteristics for plumes in quiescent
air.

7.0 COMMENTS ON DESIGN REQUIREMENTS FOR
ANNULAR JET TESTING

In designing the test hardwarce for a sting-supported model utilizing the annular jet
concept there are scveral factors which must be considered, The ultimate choice of
support hardware must result from trade-off studics being made in light of the relative
importance of various parameters to the test objectives.

Selection of sting size is the most critical design decision. From the standpoint of
plume simulation, the smallest sting possible should be selected. Sting stress limits and
internal  volume requirements  for instrumentation leads and high pressure gas
requirements, however, all run counter to use of a minimum diameter sting. In general,
the first attempt at selecting a sting size should be guided by stress limits, based upon the
desired run conditions. It is then appropriate to check whether the selected sting size falls
within a range of sting-to-nozzle cxit diameter ratios that would be expected to produce
reasonable plume simulation. For sting sizes larger than desirable, the relative merits of
reducing dynamic pressure or angle of attack. or perhaps reducing wing span if a lifting
body is being tested should be cvaluated against the error resulting from improper plume
simulation. The following diagram illustrates some of the design fuctors and therefore
where possible trade-offs are involved in designing a sting for annular jet tests,

Objective
Plume
Simutation

Sting
Diameter

Instrumendation
Leads

Free-Stream
Dynamic
Pressure

Sting
Pressure
Limits
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Recent sting designs for tests in the Propulsion Wind Tunnel Facility (PWT) on
fighter-type aircraft models indicate the feasibility of testing high closure, cruise-type

nozzles with sting-to-nozzle exit diameter ratios on the order of 0.86 at Reynolds
numbers of approximately 2.2 x 105 per foot and at angles of attack up to

approximately 8 deg. The results of this report indicate that adequate simulation should
be obtained for such a design at subsonic Mach numbers. For larger nozzle exit diameters
the same sting should permit adequate simulation at supersonic Mach numbers.

As mentioned previously, providing sufficient space for instrumentation leads can be
a problem. For pressure-instrumented models, Scanivalves® mounted inside the model are
recommended to minimize the volume required inside the sting.

On the basis of the correlation obtained in this report it appears that nozzle area
ratio of the annular nozzle does not have to match the conventional nozzle which it is to
simulate. By use of a smaller area ratio nozzle for the annular test, the chamber pressure
requirements in the model may be lowered if model pressure limits are encountered.

There are two additional design parameters that have not been investigated for an
annular jet application. These are nozzle divergence angle and location of the sting flair
relative to the annular nozzle. In general, annular jet models tested to date have
maintained the same divergence angle as the conventional nozzle which they were
simulating. Tests are being planned for the PWT in the near future to investigate the
influence of sting flair location on the annular plume simulation.
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AEDC-TR-77-104

15, 54 degj

MS MS
130.471 146,850

Stations and Dimensions in Inches

X R

0 3.977
6.146 3.903
6.392 3.826
6,639 3.747
6.895 3.666
7.132 3.579
7.378 3.495
7.625 3.410
7.871 3.321
8.118 3.229
8.364 3.135
8.611 3,043
8.857 2,946
9.103 2.848
9,350 2.749
9,597 2,641
9.843 2,532
10.090 2.423
10.336 2.315
10.583 2.214
10.830 2.125
11.076 2,046

Figure 3. Sketch of afterbody contour with surface coordinates.
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Ty 5 £~ ~_SEE FIG.5 FOR DETAILS
= — ﬁjw/ OF THIS REGION
B

B-8 0.265 DIAM. (TYP)

<@—FILLER PLUG USED IN CHOKE PLATE

WHEN STING IS REMOVED

-STING SUPPORT CHOKE PLATE

MODEL STATIONS AND DIMENSIONS IN INCHES

Figure 4. General arrangement of internal model components.



AEDC-TR-77-104

An Bruldd
gozzle Nos. NO;OZ_le DT DN
.8
2 3.132 3.823 | 1987
3 3.354 3.824 (/13
4 3.459 3.822 |1.22
5 3.492 3.821
6 3.587 3.820 15145
7 3.648 3.825
8 3.658 3.821
9 3.706 3.820
S 10 3.762 3.822
z :I\_ Sacan 11 3.799 3.820
‘ S 12 3.822 3.822 e
H

—L Nozzle Nos.

Dy 8 9,10,
11, 12

Figure 5. Internal nozzle sketches.

o1



AEDC-TR-77-104

32

Figure 6. Photograph of nozzles and nozzle holder components.
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55.33
BASE OF MODEL

DIAM.
.

L ]
25.75 10° LT X60-N0.2 TAP NO. 24
1972
Io.oo* ’-4"llo° /’}l/l llJ‘l'II nl I ‘!Llfl]r I I// 22Xy 7Y /r/_:[/ 222777
T 7 ¥ L ' |
i 1100 ' 200 2.07 e el ) i
l i 2T 2277277277272 77 T S 2222222272277
PRESSURE TAP LOCATION

ON STINGS A ANDC STING DIAM

PRESSURE L PRESSURE 4 A~ EEOPS

TAP NO. TAP NO. - 2.701

I 31.285 13 40.616 c 3.308

2 33.285 14 41.616 D 3.629
3 34.736 15 42.616
4 36.056 16 43.616
5 36.556 17 44,616
6 36.690 18 45.616
7 36.964 19 46.616
8 37.279 20 47.616

: mihpd s o i DIMENSIONS IN INCHES
10 38.116 22 49.616
1 38.616 23 50.616
12 39.616 24 51.616
Figure 7. Dimensioned sketch of dummy stings.
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Figure 8. Sting photograph.
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Figure 9. Sting installation photograph.
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S, T ¢ R
Figure 10. Photograph with instrumentation support
cable installed.
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Figure 11. Typical variation of afterbody pressure drag with NPR.
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Figure 12. Sting size effects on afterbody drag,
A/A* = 1.0.
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Figure 13. Sting size effects on afterbody drag,

A/A*

= 1.13.
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Figurs 13. Continued.
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Figure 14. Sting size effects on afterbody drag,
AJA* =~ 122,
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Figure 14. Continued.
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Figure 15. Sting size effects on afterbody drag,
A/A* ~ 1.31.
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Figure 18. Nozzle area ratio effects on afterbody drag,
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Figure 19. Nozzle area ratio effects on afterbody drag,
D,/Dy = 0.543,
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Figure 20. Nozzle area ratio effects on afterbody drag,
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Figure 22. Nozzle area ratio effects on afterbody drag,
D,/Dy = 0.95.
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Figure 23. Influence of the annular jet on afterbody drag

sensitivity to angle of attack, A/A* =~ 1.13.
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Figure 24. Influence of the annular jet on afterbody drag
sensitivity to angle of attack, A/A* ~ 1.49.
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a. Sting pressure distributions
Figure 256. Nozzle pressure ratio effects on exhaust plume
characteristics, D,/Dy = 0.543, A/A* = 1.134

M_ = 0.9.
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Figure 25. Concluded.
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a. Sting pressure distributions
Figure 26. Sting size effects on exhaust plume characteristics,
A/A* = 1.13, NSPR =~ 2.0, M_ = 0.9.
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Figure 26. Concluded.
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a. Sting pressure distributions
Figure 27. Nozzle area ratio effects on exhaust plume
characteristics, D,/Dy = 0.543, NSPR =~ 2.0,

M_ = 0.9,
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b. Schlieren photographs
Figure 27. Concluded.
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a. Sting pressure distributions, NSPR ~ 1.0
Figure 28. Free-stream Mach number effects on exhaust plume
characteristics, D,/Dy = 0.543, A/A* = 1.134.
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Figure 28. Continued.
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Figure 33. Correlation of Sting Size Effects on Afterbody Drag,

A/A* = 1,22,
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Figure 35. Correlation of sting size effects on afterbody drag,
A/A* ~ 1.49.
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Figure 37. Comparison of correlation methods at NSPR = 1.5,
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Figure 40. Correlation of nozzle area ratio effects on afterbody
drag, D,/Dy = 0.543.

104



AEDC-TR-77-104

sTH A/f* Dg/Dy
o 1.134 0.543 10
x 1.486 0.542 105
0.04
CoPT
0.03 [ \\
0.02 : \\u ———
0.03
0
0 2 4 6 8 10 12 14
NPR
0.04
CoPT
0.03
0.02 \%ﬂ
0.01
0
0 2 Y 6 8 10 12 14
NPR2
b, M_ = 0.9

Figure 40. Continued.

105



AEDC-TR-77-104

STM R/R*

a 1.134
b 1.486

Dy /0
0.43
0.542

11
106

0.23

0.22

RN

0.21
copPT

\\

0.20

-

0.23

NP

10

12

14

0.22

0.21

COPT
0.20

o Srollg
3:’6_:%

NPR2

10

12

1

c. M_=1.2
Figure 40. Concluded.

106



AEDC-TR-77-104

STH R/ Dy/Dy
a 1.220 0.708 69
6 130 0.70 97
x 18 0.7 N
0.04
CoPT
0.03
0.02
0.01
0
0 2 Y 6 8 10 12 14
NPR
0.04
COPT
0.03
B it M
0.02 KN
0.01
0
0 2 m 6 8 10 12 14
NPR2
a. M_=06

Figure 41. Correlation of nozzle area ratio effects on afterbody
drag, D,/Dy = 0.707.
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Figure 42. Correlation of nozzle area ratio effects on afterbody
drag, D,/Dy = 0.866.
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Figure 48. Variation of afterbody drag with exhaust plume
maximum diameter, D,/Dy = 0.866.
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Figure 49. Variation of afterbody drag with exhaust plume
maximum diameter, D,/Dy = 0.95.
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Figure 50. Comparison of the variation of afterbody drag with
plume maximum diameter for conventional and annular
jet configurations.
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Table 1. External Pressure Orifice Locations

MS
130.471 [,
o —] ¢
SRR e—— S |
“ // A
¢ = 0 deg ¢ = 180 deg ¢ = 270 deg
Pressure Pressure Pressure

No. X R No. X R No. X R
401 1.730 | 4.922

402 | 2,725 | 4.925

403 , 3.727 | 4.921

404 | 4.725 | 4.920

405 5.725 | 4.919

406 6.725 | 4.884 442 6.727 | 4.888 464 6.727 | 4.886
407 7.503 | 4,795 443 7.503 | 4.800 465 7.508 | 4.797
408 . 8.156 | 4.693 444 8.154 | 4.699 466 8.157 | 4.696
409 ' 8.707 | 4.591 445 8,707 | 4.598 467 8.709 | 4.594
410 9.302 | 4.470 446 9.302 | 4.478 468 9.304 | 4.473
411 9.850 | 4.352 447 9.850 | 4.361 469 9.850 [ 4.355
412 10.294 | 4.245 448 10.294 | 4.253 470 10,294 | 4.248
413 10.764 | 4.117 449 10.761 | 4.127 471 10.764 | 4.121
414 11.154 | 4.004 450 11.155 § 4.015 472 11.157 | 4.008
415 11,565 | 3.882 451 11.562 | 3.892 473 11.565 | 3.886
416 11.958 | 3.756 452 11.956 | 3.767 474 11,959 | 3.760
417 12.385 | 3.615 453 12.384 | 3.628 475 12,387 | 3.620
418 12.787 | 3.477 454 12.787 | 3.490 476 12.790 | 3.482
419 13.155 | 3.345 455 13.152 | 3.358 477 13.157 | 3.350
420 13.657 | 3.160 456 13.652 | 3.172 478 13.657 | 3.163
421 13.960 | 3.042 457 13.960 | 3.057 479 13,961 | 3.047
422 14.581 | 2.795 458 14.579 | 2.815 480 14.584 | 2.802
423 15.069 | 2.584 459 15.069 | 2.604 481 15.072 | 2.593
424 15.560 | 2.364 460 15.560 | 2.386 482 15.565 | 2.374
425 16.120 | 2.144 461 16.117 | 2.165 483 16.118 | 2.152
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APPENDIX A
AFTERBODY PRESSURE DISTRIBUTIONS

Plots of pressure coefficient data arc presented for the top row of pressure orifices
(¢ = 0). The drag coefficients from integrating thesc data are included in the plot
headings to illustrate the relationship between pressure coefficient changes and
corresponding drag coefficient changes. Plots of pressure data are presented in the
following order:

Figure

A-1. Effects of Nozzle Pressure Ratio, D¢/Dx = 0,
A/A* = 1,134

A-2. Effects of Nozzle Pressure Ratio, Ds/Dy = 0,
A/A* = 1.490

A-3. Effects of Nozzle Pressure Ratio, D,/Dy = 0.707,
A/A* = 1.133

A-4. Effects of Nozzle Pressure Ratio, Dy/Dy = 0.707,
A/A¥* = 1.49]1

A-5. Effects of Sting to Nozzle Exit Diameter Ratio.
A/A* =~ 1.13, NSPR = 1.0
A-6. Effects of Sting to Nozzle Exit Diameter Ratio,
A/A* = 1.13, NSPR = 2.0
A-7. Effects of Sting to Nozzle Exit Diameter Ratio.
A/A* =~ 1.49, NSPR = 1.0
A-8. Effects of Sting to Nozzle Exit Diameter Ratio,
A/A* =~ 1.49, NSPR = 2.0
A-9. Effects of Nozzle Area Ratio, Ds/Dy = 0, NSPR = 1.0
A-10. Effects of Nozzle Area Ratio, D,/Dy = 0, NSPR =~ 2.0
A-11. Effects of Nozzle Area Ratio, Ds/Dy = 0.707,
NSPR =~ 1.0
A-12 Effects of Nozzle Arca Ratio, D;/Dy = 0.707,
NSPR =~ 2.0
A-13. Effects of Mach Number, Di/Dy = 0, A/A* = 1,134,
NSPR = 1.0
A-14. Effects of Mach Number, Dy/Dy = 0, AJ/A* = 1,134,
NSPR = 2.0
A-15. Effects of Mach Number, D;/Dy = 0.866, A/A* = 1.142,
NSPR =~ 1.0
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Figure

A-16. Effects of Mach Number, D;/Dy = 0.866, A/A* = 1,142,
NSPR = 2.0

A-17. Effects of Angle of Attack, Dy/Dy = 0, A/A* = 1.49,
NSPR ~ 1.0

A-18. Effects of Angle of Attack, Dg/Dy = 0.707, A/A* = 1.491,
NSPR =~ 1.0
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NPP
STM A/ Dg/Dy NPR NSPR  CODPT PN/PT
o) 1.13% 0.0 1.1l 0.332 0.0352  84.03
2 1.1 0.0 1.26 0,378 0.0137  64.04
a 1.134 0.0 3.44 1.031 0.0246  84.1l
o 1.1% 0.0 5.24 1.570 0.0185  84.13
X 1.134 0.0 7.00 2.097 0.0093  84.14
0.2 =0 DEG
0.1
0
-0.1
-0.2
Ce
-0.3
-0.4
'0-5
-0.6
-0.7
¢ 0.1 0.2 0.3 0.4y 0.5 0.6 0.7 0.8 0.9 1.0
X/L
a. M_=06

Figure A-1. Effects of nozzle pressure ratio,
D,/Dy =0, A/A* = 1.134.
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ST™ R/A" Og/Dy NPR  NSPR CDPT PN/PT

(o] 1.134 0.0 1.15 0.34S5 0.0u77 86.04

0 1.134 0.0 1.u6 0.438 0.0230 86.07

A 1.134 0.0 3.53 1.058 0.0318 86.13

(o] 1.134 0.0 5.19 1,554 0.0259 86. 15

x 1.134 0.0 6.98 2.092 0.0169 86.16

- ¢=0 DEG
0.2
0.1 "a

0

Ce
-0.3
-0.4
-0.5
-016
-0.7
o 0! 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
XL
b. M_=09

Figure A-1. Continued.
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SY™ R/A* Dy/0, NPA NSPR CoPT PN/PT
(o) 1.134 0,0 0.98 0.293 0.2084 88.03
o] 1,134 0.0 1.18 0.352 0.INS 88.0uy
a 1.13% 0.0 3.5t 1.052 0.2222 88.12
© 1.134 0.0 S5.28 1.583 0.2126 88.14
X 1.134 0.0 7.14  2.141 0,1962 88.15
0.2 =0 DEG
0.1
0
'0-1
-002
Co
-0.3
_O-q
-0.5
-0.6
-0.7 - .
0 o0t 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
c. M_=12

Figure A-1. Concluded.
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STM A/A D3/0Dy NPR  NSPR COPT PN/PT
(o] 1.490 0.0 1.08 0.175 0.0367 118.03
a] 1.490 0.0 1.34 0.218 0.014y 118.05
FaY 1.480 0.0 6.27 1.018 0.0261 118. 11
< 1.490 0.0 9.83 1.595 0.0166 118. 13
0.2 o=0 DEG
0'1 f
0
-G.1 x
-0.2
Ce
-0.3
-OAl'l
-015
-016
-0.7
0 0.1 0.2 0.3 0.4 0.5 0.5 0.7 0.8 0.9
X/7L
a. M_=0.6

Figure A-2. Effects of nozzle pressure ratio,
D,/Dy = 0, A/A* = 1.490.
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STM A/A" Dg/0y NPR NSPR coet PN/PT
o) 1.480 0.0 1.13 0.183 0.0493 120.03
a 1.480 0.0 2.00 0.324 0.0357 120.05
a 1.480 0.0 6.32 1.026 0.0351 120.10
o] 1.480 0.0 10.1S 1.647 0.0255 120.12
X 1.490 0.0 13.29 2.157 0.0140 120.13
0.2 ¢=0 DEG

0.1

Ce
-0.3
-0.4
-0.5
-0.6
-0.7
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
b. M_=09

Figure A-2. Continued.
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STYM R/A"  Dy/Dy NPR  NSPR coPT PN/PT
o] 1.490 0.0 0.95 0.154 0,2079 122.04
a 1.490 0.0 1.39 0.226 0.1964 122.08
a 1.480 0.0 6.19 1.004 0.2219 122.11
< 490 0.0 10.26 1.665 0.2035 122.13
X 490 0.0 12.98 2.107 0.1902 122. 14
0.2 0=0 DEG
0.1
0
"Oll
-0.2
c,. |
4
-0n3
-0.4
-0.5
-0.6
-0.7
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
c. M_=1.2

Figure A-2. Concluded.
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SYM A/A* Dy/Dy NPR  NSPR COPY PN/PT
o] 1.133 0.707 1,12 0,335 0.0358 14.01
o 1,133 0,707 1.48 0.4yu43 0.0240 14,02
A 1.133 0.707 3.42 1,028 0.0316 14.06
¢ 1.133 0.707 5.4y2 1.628 0.0293 i4.08
X 1.133 0.707 6.79 2.038 0.0296 14.09
O=|
0.2 0 DEG
0.1
0
-0.1
—0.2
Ce
-013
-OIq
-015
'0-6
-0.7
o o.t 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1.0
X/L
a. M_=109

Figure A-3. Effects of nozzle pressure ratio,
D,/Dy = 0.707, A/A* = 1.133.
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STM A/R 03 /04 NPR NSPR CDPY PN/PY
(o] 1.133 0.707 0.97 0.291 0.2014 17.01
a 1.133  0.707 1,14 O.343 0.1934 17.02
a 1.133 0.707 3.34 1.002 O.2143 17.08
Lo 1.133 0.707 S.3¢ 1.803 0.2158 17.10
b4 1.133 0.707 6.70 2.011 0.2118 17.11

0.2 o=0 DEG

0.1

0
-0.1 e
-0.2 é
Ce

-0.3

-0.4

-0.5

-0.6

-0.7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
b. M_=1.2

Figure A-3. Concluded.
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SYM A/A*  Dy/D, NPR NSPR COPY PN/PT

S o) 1.491 0.707 1.06 0.173 0.0254 M.03

. 1.491 0.707 1.13 0.183 0.0146 N.0Y

A 1.491  0.707 6.24 1.011 (0.0232 M. 13

© 1.u91 0.707 9.33 1.512 0.0211 M, 15

b 4 1.481 0.707 12.35 2.001 0.0176 .16

0.2 =0 DEG

0.1
0
-OI 1

Ce
-013 V
-0.4
-0.5
-0.6
-0.7
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
a. M_=0.6

Figure A-4. Effects of nozzle pressure ratio,
D,/Dy = 0.707, A/A* = 1.491.
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STM R/A" Dy/Dy NPR  NSPR COPY PN/PT
o] 1.48!  0.707 1.!1 0.180 0.0370 76.04
o] 1.491 0.707 1.26 0.204 0.0254 76.05
A 1.491 0.707 6.24 1.012 0.0360 76.14
Lo 1.491 0.707 9.54 1.546 0.0334 76.16
x l.491 0,707 12.62 2.046 0.0293 76.17

0.2 . 9=0 DEG

0.1

0
-Oll \
-012
Cp

-0-3

-Ooq

-0.5

-0.6

-0.7 :

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
b. M_=09

Figure A-4. Continued.
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SYM A/A* Dy/0, NPR NSPR CcoPY PN/PT
o] 1.49t 0.707 0.97 0.156 0.1993 78.06
o] 1.491 0.707 1.42 0,230 0,945 78.08
a 1.8 0.707 6.35 1.029 0.2190 78.17
o 1.48t 0.707 9.40 1.524 0.2165 78.19
X 1.491 0.707 12.44 2.016 0.2080 78.20

0.2 2=0 DeG

0.1

0
-011
-012 P
CP

'0.3

"0.'4

-0-5

-0.6

-0.7

o 0.t 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
c. M =12

Figure A-4. Concluded.
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STM A/A*  DBy/0, NPR NSPR coPT PN/PY
o 1.134 0.0 3.u4 1.031 0.0246 84u.11
(] 1.134  0.543 3.4y 1.032 0.0230 9.10
© 1.142 0.866 3.46 1.019 0.0216 3h5.12
X 1.127 0.950 3.29 1.003 0.0198 52.11
¢=0 DEG
0.2

0.1

Cp
-013
-0.4
-0.5
-0.6
-0.7
g 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
X/L
a. M_=0.6

Figure A-5. Effects of sting to nozzle exit diameter ratio,
A/A* ~ 1.13, NSPR ~ 1.0.

138

1.0



AEDC-TR-77-104

SYM A/ Dy/D, NPR NSPR  COPT  PN/PT

(o] 1.134 0.0 3.53 1.059 0.0318 86.13

o] .13 0.543 3.4 1.029 0.0300 10.09

a 1.133 0.707 3.42 1.028 0.0316 14.06

o 1.142 0.866 3.37 0.992 0.0299 36.09

X 1.127 0.950 3.29 1.005 0.02387 S4.13

0=0
0.2 DEG

0.1
0

Cp
-0.3
‘0-“
-0-5
-0.6
-0.7 '
¢ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
b. M_=09

Figure A-5. Continued.
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STM A/A* Ds/D, NPR NSPR coeT PN/PT
(0] 1.134 0.0 3.51 1.052 0.2222 88.12
0] 1.134  0.%43 3.55 1.062 0.2176 11.11
A 1.133 0.707 3,34 1.002 0.2143 17.08
o4 1.142 0.866 3.44 1,012 0.2134 38. 14
X 1.127 0,950 3.32 1.012 0.2086 56.13
0.2 0=0 DEG
0.1
0
-0.1
-002
Ce
-0.3
'0.“
'D.S
-Dls
-017
0o 0.1 0.2 0.3 O 0.5 0.6 0.7 0.8 0.9 1.0
x/L
c. M_=1.2

Figure A-5. Concluded.
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SYM A/A* Dg/Dy NPR NSPA COPT PN/PT
(0] 1.134 0.0 7.00 2.097 0.0099 64. 1y
a 1.134  0.543 7.00 2.098 0.013y 9.16
© l.142 0.866 6.85 2.016 0.0201 35.15
x 1.127 0.950 6.62 2.020 0.0219 52. 14
0.2 =0 DEG
0.1
0
-Oul
-0.2
Ce
-0.3
-0.4
-0.5
-0.6
0.7
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
a. M_=10.6

Figure A-6. Effects of sting to nozzle exit diameter ratio,
A/A* =~ 1.13, NSPR =~ 2.0.
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STM AsA* Dg/D, NPR NSPA CoPY PN/PT
(o] 1.134 0.0 6.98 2.092 0.0!69 86.16
o 1.134  0.543 6.99 2.093 0.0213 10.12
a 1.133 0.70? 6.79 2.038 0.0296 14,09
o 1.142 0.866 6.89 2.028 0.0299 36.12
x 1.127 0.950 6.55 1.997 0.0314 S4.16
0.2 ¢=0 DEG
0.1
0
-0-1
-0.2
Cp
-0.3
‘O-u
‘005
-0.6
_0.7 - - ’ y & Leemadl PSS T r >
o 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
) X/L
b. M_=09

Figure A-6. Continued.
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STM A/A"  Dg/0, NPR  NSPR COPT PN/PY
(o} 1.134 0.0 7.14 2.141 0,1962 88.15
a 1.134 0.543 7.02 2.101 0.2053 11.14
a 1.133 0.707 6.70 2.011 0.2118 17.11
Lo/ 1.142 0.866 6.92 2.035 0.2175 38.17
x 1.127 0.950 6.58 2.006 0.2146 56. 16
0.2 ¢=0 DEG
0.1
0
-011
-0.2
CP
-0.3
-0.4
-0.5
-0-6
-0.7
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/7L
c. M_=1.2

Figure A-6. Concluded.
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STM R/A* Dg/0y NPR  NSPR CDPT PN/PT

0] 1.480 0.0 6.27 1.018 0.026! 118.11

(o] 1.u86 0.542 6.15 1.003 0.0237 104. 16

) l.u9t  0.707 6.24 1.011 0.0232 M.13

o 1.500 0.866 6.36 1.018 0.0250 128.11

X 1.463 0.949 S.95 1.001 0.0220 60.13

9=0 DEG

0.2
0.1
0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
X/t

a. M_=0.6

Figure A-7. Effects of sting to nozzle exit diameter ratio,
A/A* =~ 149, NSPR ~ 1.0.
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SYM A/A" Dy/0y NPR  NSPR CoPY PN/PTY

(o] 1.480 0.0 6.32 1.026 0.0351 120.10

a 1.u86 0.542 6.31 1.030 0.0319 105.12

a 1.491 0.707 6.24 1.0!12 0.0360 76. 14

© 1.500 0.866 6.12 0,980 0.0367 126.10

X 1.463 0.949 5.91 0.9%4 0.0323 62.18

[ T
0.2 0 DEG

0.1
0
-001

Cp
-053
-Ocq
_0-5
-0-6
-0.7
0 0.1 0.2 0.3 0. 0.5 0.6 0.7 0.8 0.9 1.0
X/L
b. M_ =09

Figure A-7. Continued.
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STM R/R* Dy/Dy NPR NSPR coPT PN/PT
(o] 1.480 0.0 6.19 1.004 0.2219 122.11
(o] 1,486 O0.S42 6.33 1.0 0.2193 106.11
A 1.491 0.707 6.35 1.029 0.2190 78.17
o] 1.500 0.866 6.32 1.012 0.2173 127.10
X 1.463 0.949 5.75 0.968 0.2130 64.12
0.2 0=0 DEG
0.1
0
-0.1
-0.2
Ce
-0.3
-0.4
-0.5
-0.6
-0.7
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
c. M_=12

Figure A-7. Concluded.
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STM A/A*  Dg/D, NPR NSPR  COPT PN/PT

(o] 1.486 0.542 12.37 2.019 0.0130 104.19

a 1.49f1 0.707 12.35 2.00) 0.0176 N.16

o] 1.500 0.866 12.90 2.066 0.0235 128. 14

x 1.463 0.949 11.75 1.979 0.0252 60.16

o=0 DEG

0.2
0.1
0

Cp
-013
-qu
-015
-0.6
-0.7
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
a. M_=0.6

Figure A-8. Effects of sting to nozzle exit diameter ratio,
A/A* = 1.49, NSPR ~ 2.0.
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SYM A/A*  Dg/Dy NPR  NSPR COPT PN/PY

o] 1.490 0.0 13.29 2,157 0.0140 120.13

1G] 1,486 0.542 12.52 2.0u4 0.0197 105.15

a 1,491 0.707 12.62 2.046 0.0293 76,17

< 1.500 0.866 13.12 2.101 0.0341 126.13

X 1.463 0.949 11.87 1.998 0.0329 6e2.21

o=0 DEG

0.2
0. l
0
-0. 1

Ce
-0.3 ‘
-Olq
'0.5
-0.6
-0.7
¢c 0! 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
X/7L
b. M_=09

Figure A-8. Continued.
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STM

xopboOoO

0.2

A/A"

1.490
1.186
1.491
1.500
1.463

Ds/0, NPA  NSPR
0.0 12.98 2.107
0.542 12.54 2.047
0.707 12.44 2.016
0.866 13.02 2.086
0.949 11,82 1.989

AEDC-TR-77-104

COPT PN/PT

0.1902 122. 14
0.1977 106. 1%
0.2060 76.20
0.2207 127.13
0.2180 64.15

0=0 DEG

0.1

'-0-1

0 0.1

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X/L
c. M_=12

Figure A-8. Concluded.
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R/A"

1.000
1134
1.221
1.300
1.480

alm
3.u
4.18
S.04
6.27

DDOOQP
e e .
OCO0O000

1.083
1.031
1.040
1.087
1.018
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Figure A-9. Effects of nozzle area ratio,
D,/Dy =0, NSPR =~ 1.0.
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SYM A/R* Dy/Dy NPR  NSPR CcoPY PN/PT

o] 1.000 0.0 2.02 1.061 0.0277 47.10

o] 1.134 0.0 3.53 1.059 0.0318 86.13

a 1.221 0.0 4.19 1.041 0.0338 93.12

© 1.300 0.0 u.8f 1.037 0.03yy 111.10

b 4 1.4%0 0.0 6.32 1.026 0.035! 120.10

0=0 DE
0.2 G

0.1
0

Ce
-003
-0.4
-0.5
-0u6
-0.7
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
b. M_=09

Figure A-9. Continued.
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STM A/A*  Dg/Dy NPR  NSPR  CDPT PN/PT
o 1.134 0.0 3.51 1.052 0.2222
A 1.221 0.0 4.20 1.044 0.2209 9. 12
o 1.300 0.0 4.86 1.048 0.2201 113710
X 1.480 0.0 6.19 1.004 0.2219 122.11
0.2 o=0 DEG
0.1
0
-0.1
-0.2
Cp
-0.3
-0.4
-0.5
-0.6
-0.7
c 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
c. M_=1.2

Figure A-9. Concluded.
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SYM A/A*  DOg/D, NPR NSPR CDPT PN/PT
o] 1.000 0.0 3.61 1.899 0.0187 u6. 12
D 1.134 0.0 7.00 2.097 0.0099 84. 14
A 1.221 0.0 8.33 2.071 0.0105 92.15
< 1.300 0.0 9.67 2.085 0.0069 109.18
¢0=0 DEG
0.2

0.1

Ce
-013
-0-4
'0-5
-0-6
—007
c 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
a. M_=0.6

Figure A-10. Effects of nozzle area ratio,
D,/Dy = 0, NSPR =~ 2,0.
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SYM A/A" Oy/0, NPR NSPR  CDPY PN/PY

o] 1.000 0.0 .14 2.180 0.047 47.13

0 1.134 0.0 6.98 2.092 0.0169 86.16

a 1.221 0.0 8.26 2.059 0.0!8! 93.15

© 1.300 0.0 9.69 °2.089 0.0168 111.13

b l.y90 0.0 13,29 2.157 0.0140 120.13

¢=0
0.2 DEG

0.1
0
-Ol 1

Ce
—003
-Olq
"0-5
'0.6
-017
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
b. M_ =09

Figure A-10. Continued.
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STM A/A* D3/Dy NPR NSPR CoPT PN/PT
o] 1.134 0.0 7.4 2.141 0.1962 88.15
a 1.221 0.0 8.50 2.113 0.1947 M. 15
© 1.300 . 0.0 9.66 2.082 0.1922 113.13
X 1.490 0.0 12,98 2.107 0.1902 122.14
0.2 =0 DEG
0-1
0
-0cl
-0.2
Ce
-0.3
-0.4
-0.5
‘0-6
-0-7
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/7L
c. M_=12

Figure 10. Concluded.
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SYM A/A* Dg/0, NPR NSPR CoPT PN/PT
A 1.220 0.706 4.10 1.022 0.0227 69.17
o 1.310 0.707 4.61 0.977 0.024%4  97.13
x 1.481 0.707? 6.24 1.011 0.0232 .13
0.2 0=0 DEG
0.1
0
-0.1
-0.2
Ce
-0.3
-0.4
-0.5
-0.6
-0.7
o 0! 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
a. M_=06

Figure A-11. Effects of nozzle area ratio,
D,/Dy = 0.707, NSPR = 1.0.
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STM A/R*  Dg/Dy NPR  NSPR COPT PN/PT

o} 1.133  0.707 3.42 1.028 0.0316 14.06

a 1.220 0.706 4,i4 1,032 0.0338 70.14

© 1.310 0.707 4.69 0.995 0.03u8 98. 16

X 1.481 0.707 6.24 1,012 0.0360 76. 14

o=
0.2 0 DEG

0.1
0

Ce
-0.3
-Onu
-0.5
-0.6
-0.7
0 0! 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/t
b. M_=09

Figure A-11. Continued.
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SYM R/A*  Dg/Dy NPR  NSPR COPY PN/PT
o] 1.133 0.707 3.34 1,002 0.2!43 17.08
a 1.220 0.706 4.l4 1,031 0.2175 71.13
¢ 1.310 0,707 u4.70 0.997 0.2188 99,13
X 1,491 0.707 6.35 1.029 0.2190 78.17
0.2 o=0 DEG
0.!
0
-D.l
-0.2
Ce
-0.3
_Oiq
-0.5
-0.6
-0.7
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
c. M_=12

Figure A-11. Concluded.
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STM A/A" Dg/Dy NPR  NSPR CoPT PN/PT
A 1.220 0.706 8B.11 2.019 0.0188 69.20
© 1.310 0.707 9.22 1.954 0.0191 97.16
X 1.491 0,707 12,35 2.00f 0.0176 .16
¢=0 DEG
0.2

0.1

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

a. M_=0.6
Figure A-12. Effects of nozzle area ratio,
D,/Dy = 0.707, NSPR =~ 2.0.
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STM R/R* Dg/D, NPR NSPR  COPT PN/PT

o] 1.133 0.707 6.79 2.038 0.0296 14.09

a 1.220 0.706 8.25 2.054 0.0286 70.17

Lo £.310 0.707 9.38 1.989 0.0301 98.19

X 1.491 0.707 12.62 2.046 0.0293 76.17

o=0 DEG

0.2
0!‘
0

Ce
-0.3
-0.4
-0.5
-0.6
-0.7
0 0.t 0.2 0.3 0. 0.5 0.6 0.7 0.8 0.9 1.0
X/L
b. M_=09

Figure A-12. Continued.
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STH A/R" D5/0, NPR NSPR  COPT  PN/PT
@ 1.133 0,707 6.70 2.0t1 0.2118  17.11
a 1.220 0.706 8.14 2.029 0.2117  71.16
o 1.310 0.707 9.39 1.991 0.2109  99.17
x 1.491 0.707 12.44 2.016 0.2080  76.20
0.2 =0 DEG
0.1
)]
-0.1
-0.2
Ce
-0.3
-0.4
-0.5
-0.6
-0.7
0 0! 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure A-12. Concluded.
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SYM R/R" Dg/0y NPR  NSPR coPY PN/PT
(o] 1.134 0.0 3.44 1.031 0.0246 6u.11
o] 1.134 0.0 3.53 1.059 0.0318 86.13
a 1.134 0.0 3.51 1.052 0,2222 88.12
0.2 =0 DEG
0.1
0
|.
'0-!
-002
. (|
-003
7
-O.LI !
-0.5 !
'0-6
-0u7

OO

c 0.t 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8

X/L
Figure A-13. Effects of Mach number, D,/D, = 0,
A/A* = 1.134, NSPR ~ 1.0.
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STM R/R*  Dg/0, NPR NSPA CoPY PN/PT M,
(o] .14 0.0 7.00 2.097 0.0099 84.14 o.6
a 1.134 0.0 6.98 2.092 0.0169 86.16 0.9
a 1.134 0.0 7.14 2,141 0.1962 88.15 1.2

0.2 0=0 DEG

0-1 ﬂ-’ Y

0 xﬁ‘ #
-Oll . f
-0.2
Cr
3

-0'u

-0.5

_0.6 kv

-0l7

c 0o0! 0. 0.3 04 05 0.6 0.7 0.8 0.9 1.0

X/L
Figure A-14, Effects of Mach number, D,;/Dy = 0,

A/A* = 1.134, NSPR ~ 2.0.
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SYM A/R" Dg/Dy NPR  NSPR COPT PN/PT
(o] 1.142 0.866 3.46 1,019 0.0216 35,12
a] 1.142 0.866 3.37 0.992 0.0299 36.09
a 1.142 0.866 3.44 1.012 0.21N 38.1y
0.2 0=0 DEG
0-1 f[-
b | f/f(
-0.1
0.2 \
Ce
'0-“
-015
'0-6
e 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure A-15. Effects of Mach number, D,/Dy = 0.866,
A/A* = 1,142, NSPR ~ 1.0.
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Dy/D, NPR NSPR  COPT

AEDC-TR-77-104

STM A/R" PN/PT M,
(o] 1.142 0.866 B6.85 2.016 0.0201 35.15 0.8
o 1.142 0.866 6.89 2.028 0.0299 36.12 0.9
a 1.142 0.866 6.92 2.035 0.2175 38.17 1.2
0.2 ¢=0 DEG
Dl-l :
: - f)f
-0-1
-0-2
s {)
-0.3 \{
-0.'4 H[
-0.5 J
-0-6
-0.7
o 0.1 0.2 0.3 0. 0.5 0.6 0.7 0.8 0.9 1.0

X/L

Figure A-16. Effects of Mach number, D,/Dy = 0.866,

A/A* = 1,142, NSPR =~ 20.
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a, deg ST™H A/R" Dg/0y NPR  NSPR COPY PN/PT
-2 0] 1.490 0.0 6.34 1.029 0.0102 121.01
0 a 1.490 0.0 6.38 1.035 0.03u3 121.02
2 A 1.490 0.0 6.39 1.038 0.0699 121.03
4 © 1.490 0.0 6.42 1.043 O0.1010 121.04
0.2 =0 DEG
0.1
0

-0.1 ‘\\N\(«S

-0-2 k\’ [

3 /1

-0.3 7

'0-“ \ /

-0-5 ‘ r

-0.6

-0.7

o

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L '

a. M_=09
Figure A-17. Effects of angle of attack, D,/Dy = 0

A/A* = 149, NSPR ~ 1.0.
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a, deg STM A/R*  Dg
-2 o 1.480 0.
0 o} 1.490 0.

a 1.490 0.

/0y NPR NSPR  COPT

0 6.u8 1.052 0.2150
0 6.53 1.060 0.2153
0 6.u8 1.051 0.2235

0.2 ¢=0 DEG

AEDC-TR-77-104

PN/PT

123.01
123.02
123.03

0.1

o o0.!@ 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

X7L
b. M_=1.2
Figure A-17. Concluded.
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a, deg  STM A/A*  Dg/B, NPR NSPR  COPT PN/PT
-2 (o] 1.491 0.707 6.14 0.996 0.0108 75.01
0 o 1.491 0.707 6.12 0.991 0.02u1 75.02
2 A 1.491 0.707 6.10 0.989 O0.044y 75.03
4 © 1.491 0.707 6.09 0.987 0.066Y4 75.04
0.2 ¢=0 DEG
0.1
0
-011
-0-2 T A
Cp //J '}{
0.3 /
. \{/
-O-u
-0.5
-0.6
-0.7
c 0! 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
a. M_=06

Figure A-18. Effects of angle of attack, D,/Dy = 0.707,
A/A* = 1491, NSPR =~ 1.0.
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a, deg SYM A/A* Dg/Dy, NPR  NSPR CoPT PN/PT
-2 o] 1.491 0.707 6.27 1.017 0.0085 77.01

0 o] 1.481 0.707 6.35 1.028 0.0336 77.02

2 A 1,491 0.707 6.33 1.026 0.0697 77.03

4 < 1.491  0.707 6.3 1.027 0.1021 77.04

0.2 o=0 DEG

0.1

-0.6 %'
]

o 0! 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
b. M_=0.9

Figure A-18. Continued.
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a, deg  SYM A/R* Dg/Dy NPR NSPR COPT PN/PT
-2 (o] 1.491 0.707 6.26 1.015 0.2208 79.01
0 a 1.491 0.707 6.298 1.019 0.2199 79.02
2 a 1.491 0.707 6.26 1.015 0.2253 79.03
4 ¢ 1.u91 0.707 6.33 1.026 0,234 79.04
0.2 o=0 DEG
0.1
0

-0.1

—012

Ce

-0-3

-0.4

-0.5

-0.6

-0.7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
X/L
c. M_=12

Figure A-18. Concluded.
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APPENDIX B
COMPARISON OF CONVENTIONAL JET CORRELATION PARAMETERS

These parameters follow some of the more conventional methods suggested in the
literature for correlation of afterbody drag data. Data are shown in Figs. B-1 through B-3
at cach Mach number as a function of NSPR, (NSPR)}A/A*), Av, and (Av)(A/A*). Of
the four parameters presented here, the best correlation is achieved by (Av)(A/A*). The
degree of correlation achieved by this parameter is similar to that obtained by matching
plume maximum diameter, as may be seen by comparing these data with the results in
Fig. 26.
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Sym  AjA*
o 1. 000
o 1.134
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Figure B-1. Comparison of correlation parameters for conventional
- jet data from various area ratio nozzles, D,/Dy = 0,
M_ = 0.6.
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Figure B-2. Comparison of correlation parameters for conventional

jet data from various area ratio nozzles, D,/Dy =0,
M_ = 0.9. :
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M,=1.2 Ds/DN =0
0.23I
1
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0.22 |
CDPT
0.21 |
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1.0 l.4 1.8 2> 2.6 3.0 3.4

(NSFPR) (A/A*)

0.18 1 1 1 1 1 1 L L1
0 4 8 12 16 20

(av) (A/A%)
Figure B-3. Comparison of correlation parameters for conventional
jet data from various area ratio nozzles, N,/Dy = 0,
M_=1.2.

174



MOC

MS

NPR

NPRI

NPR2

NPR3

NPR4

By

AEDC-TR-77-104

NOMENCLATURE

Nozzle exit area, [n/4 (Df, - D31, in.2

Nozzle throat area, [r/4 (D - D3], in.2

Afterbody pressure drag coefficient in the body axis from integration of top
row of pressures, nondimensionalized by model maximum cross-sectional area

Pressure coefficient, (Pg - P )/q_

Plume maximum diameter, in.

Nozzle exit diameter, in.

Dummy sting diameter, in.

Nozzle throat diameter. in.

Length from face of dummy sting to sting pressure taps, in.

Method of characteristics

Model station, in.

Free-stream Mach number

Nozzle total pressure to free-stream static pressure ratio

Correlation pressure ratio for correlating annular jet afterbody drag (D,/Dy >
0) data to conventional jet (Ds/Dyx = 0) results using one-dimensional flow area

relationships

Correlation pressure ratio for correlating afterbody drag results from different
area ratio nozzles using one-dimensional flow area relationships

Correlation pressure ratio for correlating annular jet afterbody drag (D;/Dny >
0) data to conventional jet (Ds/Dy = 0) results using MOC

Correlation pressure ratio for correlating afterbody drag results from different
area ratio nozzles using MOC
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NSPR
Pg

PN/PT

Av

Nozzle exit static pressure to free-stream static pressure ratio

Local static pressure, psfa

Part number/test point

Free-stream static pressure, psfa

Free-stream dynamic pressure, psf

Afterbody radius. in.

Nozzle exit radius, in.

Exhaust plume radius, in.

Length along instrumented sting from nozzle exit to last pressure tap, 14 in.
Longitudinal coordinate of afterbody contour relative to MS 130.471, in.
Longitudinal distance along dummy stings relative to nozzle exit plane, in.
Model angle of attack, positive nose down, deg

Incremental change in Prandtl-Meyer angle from conditions at the nozzle exit
to free-stream conditions, deg

Angular location of afterbody pressure taps, deg
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